• We study vibro-fluidized bed drying assisted heat pump of mint leaves • Temperature caused a remarkable loss of green color due to chlorophyll degradation • The values of energy activation were within the reported range for food materials Abstract Due to high porosity and stickiness, good fluidization of mint leaves can be difficult to achieve. In this study, a vibro-fluidized bed dryer assisted heat pump system was designed and fabricated to overcome this problem. The drying experiments were carried out at temperatures of 40, 50 and 60 °C. The quality of the dehydrated samples was assessed based on color indices, antioxidant activity, and total phenolic content. Drying process primarily occurred in falling rate period. The effective coefficient of moisture transfer of the samples was increased with air temperature and varied from 4.26656×10 -11 to 2.95872×10 -10 m 2 s -1 for heat pump drying (HPD) method, and 3.71918×10 -11 to 1.29196×10
very important aspect of food processing. The main purpose of drying is to extend product shelf life, minimize packaging requirements and reduce shipping weights [3] . Phenolic content, antioxidant activity, and color indices are the main characteristics which must be taken into consideration in terms of drying medicinal and spice plants. Hossain et al. [4] assessed the effect of different drying methods on phenolic compounds and antioxidant capacity of six Lamiaceae herbs. Among the drying methods tested, air-drying was found to be the best for all samples. Siriamornpun et al. [5] evaluated the effect of some drying treatments on color, antioxidant activities and carotenoids of marigold flower. However, there is no report regarding the effect of drying on total phenolic and antioxidant activity of mint leaves.
Among drying methods, fluidized bed drying (FBD) has the advantage of high drying rate due to high rates of heat and mass transfer, and consequently high thermal efficiency with uniform and closely controllable temperature in the bed [6] . In the case of FBD, batch mode is preferred for small-scale production and heat sensitive materials. Therefore, fluidized bed technology is widely employed by pharmaceuticals, foods, fertilizers, and many other chemical industries, where either wet granulation or drying solid materials is a fundamental stage of these industries [7] .
In order to reduce energy consumption per unit of product moisture, it is important to investigate different methods for enhancing the energy efficiency of the drying operation. Equipping convective hot air dryers with heat pumps has been recognized as an ideal approach for this purpose. A heat pump dryer (HPD) is an economic, environmentally friendly, hygienic drying device used to dry food materials [8] . The HPDs available in the market can allow the energy demand to be reduced by 50% [9] . A HPD can be operated over a wide range of temperatures, providing good conditions for drying heat sensitive materials. The technology requires less energy, as the system can recover the latent heat in a closed loop, and it can be independent of ambient weather conditions. Strommen et al. [10] found that HPDs consumed 60-80% less energy compared with conventional dryers operating at the same temperature.
In spite of the vast applications of FBD, it has not been used for drying pharmaceutical plants, especially leaves products such as mint. This could be due to high porosity of these products, and stickiness of the leaves to each other during fluidization. Moreno et al. [11] reported vibration as a method for improving the quality of fluidization and avoiding problems such as channeling and defluidization. The aims of this study were investigating drying kinetics of mint leaves using a vibro-fluidized bed dryer (VFBD) assisted heat pump system in batch mode, determining moisture diffusivity under different drying conditions, and analyzing qualitative parameters including color indices, total phenolic content and antioxidant activity of the dehydrated product.
MATERIALS AND METHODS

Sample preparation
Fresh mint leaves were purchased from a local market in Isfahan (central Iran), and stored in a refrigerator at 5 °C before the drying experiments. The samples without any pretreatment were used for conducting tests. The initial moisture content of the mint leaves was determined using AOAC [12] standard method (vacuum drying at 70 °C for 24 h). Drying of the leaves was finished until the moisture content did not change and the weight of samples became constant.
Vibro-fluidized bed heat pump drying
In preliminary tests [13] , due to high porosity and stickiness, the mint leaves could not be fluidized and stacked to each other during fluidization. Therefore, a laboratory vibro-fluidized bed dryer (VFBD) assisted heat pump system (Figure 1 ) was designed and fabricated at Isfahan University of Technology (IUT) to conduct the experimental part of this study. A 1.5 kW blower (Motogen 90L2A; Motogen Co. Ltd., Tabriz, Iran), 2830 rpm, was coupled to an inverter (Teco 7300 CV, with ±0.01 Hz accuracy; TECO Electric & Machinery Co. Ltd., Taipei, Taiwan) and used for supplying and controlling the airflow rate. The drying air was heated with a 10 kW electric heater. The exit temperature of air from the heater was maintained constant within ±0.5 °C using a PI control system.
The air velocity was measured using an air velocity transmitter (AVT; HK instruments Co. Ltd., Muurame, Finland) placed downstream from the heater. The distributor plate was constructed from a circular Plexiglas plate with the thickness of 5 mm, along with 1630 holes of 2 mm diameter.
The cylindrical bed column was made of Plexiglas with a wall thickness of 5 mm, an internal diameter of 140 mm, and the length of 1000 mm. Three sensors (SHT75; Sensirion AG, Staefa, Switzerland) were used to measure the relative humidity and temperature at the inlet of the bed as well as locations at 10 and 300 mm above the distributor plate ( Figure 1 ). Three other sensors were located before and after the evaporator, and after the condenser of the heat pump system. A digital balance (Kern 572-57, with ±0.1 g accuracy; Kern & Sohn GmbH, Balingen, Germany) was used to measure the weight of samples during the experimental runs. All the signals from the SHT75 sensors, air velocity sensor, digital balance, heater and energy module were acquired simultaneously every 15 s using the data acquisition board and the LabView software and stored in a desktop computer for subsequent analysis. To evaluate the influence of air temperature on drying curves, the experiments were carried out at 40, 50 and 60 °C. The mint samples were dried under heat pump drying (HPD), and non-heat pump drying (NHPD) treatments.
In order to apply vibration to the drying chamber, a single-phase motor (Motogen CRS 90L2A; Motogen Co. Ltd., Tabriz, Iran), and a 3 mm eccentric mechanism with 80 Hz frequency of vibration were used. 
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Before each experiment, the unit was run without any sample for about 30 min to reach the thermal steady state.
Drying kinetics and moisture diffusivity
The moisture ratio (MR) and drying rate (DR) of mint leaves during drying experiments were calculated using Eqs. (1) and (2), respectively [14, 15] :
where M, M e , M 0 , M t and M t+dt are the moisture content at any time, the equilibrium moisture content, the initial moisture content, the moisture content at t and the moisture content at t+dt, respectively, t is the drying time (min), and A is the drying area (m 2 ). Fick's second diffusion equation was used to determine the effective coefficient of moisture transfer of the samples. The mint leaves were considered the slab geometry [16] . The equation is expressed as [17] :
where D eff is the effective coefficient of moisture transfer (m 2 s -1 ), l 0 is the half thickness of the slab (m) and n is the positive integer. For long drying times, only the first term of Eq. (3) can be used [18] : 
Activation energy
Temperature and effective coefficient of moisture transfer can be related using Arrhenius equation [18] as follows:
where D 0 is the constant in Arrhenius equation (m 2 s -1
), E a is the activation energy (kJ mol -1 ), T is the temperature of air (°C), and R is the universal gas constant
. Equation (7) can be written in the form of:
The slope (K E ) is calculated by plotting ln D eff versus T -1 according to Eq. (8) to determine the activation energy as follows:
Color measurements
The color of the mint samples was evaluated before and after drying according to CIE (Commission International de l'Eclairage) [19] . The color values were measured using a spectrophotometer Text Flash (Datacolor Corp., Switzerland). The lightness (L*), redness (a*), and yellowness (b*) were captured for each treatment. The total color difference (ΔE) was calculated using Eq. (10). This index is a single value that takes into account the differences between the L*, a* and b* of the sample and standard. Chroma or strength of color (C*), and hue angle (h*), which are related to a* and b*, were also calculated by Eqs. 
where L 0 *, a 0 * and b 0 * are the values for fresh mint leaves.
Total phenolic extraction
For phenolic extraction, 6 g of powders was extracted with 200 ml of 80% methanol. The extraction was carried out using an orbital shaker (150 rpm) at 25 °C for 24 h. The extracts were filtered through four layers of cheesecloth to remove the solid debris. The extraction was done four times. Total phenolics were determined colorimetrically using Folin-Ciocalteu reagent as described by Pinelo et al. [20] . In this regard, ten-fold diluted reagent (2.5 ml), 7.5% sodium carbonate (2 ml) and methanolic extract (0.5 ml) were mixed. Then, after heating at 45 °C for 15 min, the absorbance was measured at 765 nm against a blank. The phenolic content was expressed as tannic acid equivalent per gram dry weight of sample.
Antioxidant activity measurements
Free radical scavenging activity of the mint leaves extracts and standard antioxidant was assessed using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) method [21] . Different dilutions of the mint leaves extracts (equivalent to 50, 100, 300 and 500 ppm) were prepared in methanol. Butylated hydroxytoluene (BHT) was used as standard antioxidant in 1-100 μg ml -1 solution. Five milliliters of a 0.1 mM methanolic solution of DPPH was mixed with 0.1 ml of sample and standard solutions separately. Radical scavenging of the extracts was calculated by employing Eq. (13) and using methanol (80%) and DPPH solution (0.1 mM, 5 ml) as a blank and control sample, respectively:
% Radial scavenging activity = sample = control -100 control OD OD OD (13) RESULTS AND DISCUSSION
Drying kinetics
The results of variation in moisture ratio versus drying time, and drying rate versus moisture content, as obtained for HPD and NHPD treatments carried out at 40, 50 and 60 °C, are shown in Figures 2 and  3 , respectively. As expected, with increasing drying temperature, the drying time was decreased. The constant rate drying period was not detected in drying curves. In other words, drying of mint leaves occurred primarily in falling rate period, indicating that initial mass transfer occurred by diffusion. The same results have been reported for drying mint leaves [16, 22] . for NHPD at temperatures ranging from 45 to 60 °C. It is observed that the difference between the values for HPD and NHPD methods was not remarkable. This is due to the fact that the effective coefficient of moisture transfer is an internal parameter. Similar variations were also observed during drying of mint [22] . Generally, effective coefficient of moisture transfer values for food materials are in the range of 10 -9 to 10 -11 m 2 s -1 [23] . Values of ln D eff versus T -1 for experiments information are plotted in Figure 4 . The activation energy was determined to be 84 kJ mol -1 for HPD and 54.34 kJ mol -1 for NHPD. Park et al. [1] and Doymaz [16] reported the values of 82.93 and 62.96 kJ mol -1 for drying mint leaves, respectively.
Color, total phenolic content and antioxidant activity
The L*, a*, b*, c* and h* values of the samples dried using HPD and NHPD methods at different temperatures are presented in Table 3 -dark axis. Reduction in this parameter indicates that the samples were turning darker. As observed, there is an improvement in color indices with increasing drying time (using the temperature of 40 °C compared with 60 °C, Table 3 ). However, the color indices for temperatures of 40 and 50 °C were very close to each other, whereas by increasing temperature to 60 °C, a remarkable loss of green color was observed. This might be caused by chlorophyll degradation in leaf cells [24] . Previous reports have shown that degradation of chlorophyll occurred at temperatures exceeding 50 °C in thyme and 60 °C in broccoli juice [25] . The total color difference (ΔE), which is a combination of Hunter L* a* b* values, is a colorimetric parameter extensively used to characterize the variation of colors during processing of foods [23] . Less values of ΔE indicate minimum differences between L*, a* and b* of the samples and fresh ones. The samples dehydrated at 40 °C had minimum ΔE, and the samples at 60 °C presented the maximum value. The chroma value indicates the degree of saturation of color and is proportional to the strength of the color. Large changes were found in chroma between fresh and dried mint leaves at 60 °C (Table 3 ). This reveals lack of stability of green color in mint leaves for this treatment.
For all color indices, a remarkable difference was not observed between HPD and NHPD methods at a constant temperature. Drying of agricultural and food products depends on the temperature and humidity of the drying air. One of the functions of the HPD method is to isolate the humid environment from the drying process, while, drying by NHPD (open--type) method may prolong the drying duration because of humid air entering into the drying chamber in high humid areas. The present study was conducted under low humidity conditions. Therefore, in such arid and semi-arid areas, the use of heat pump system could not establish a meaningful difference in drying times. This is the reason for having the same color parameters under different methods.
Total phenolic content was varied from 30.46 to 67.32 mg tannic acid per 1 g dry weight of the samples. The highest phenolic content was found in methanolic extract of 60 °C for HPD, whereas air temperature of 50 °C for NHPD contained the lowest amount of phenolic compounds ( Figure 5 ). There are similar reports regarding the effect of different drying methods on total phenolic content of plants. Asami et al. [26] assessed the effect of three postharvest treat- ments (freezing, freeze-drying, and air-drying) on total phenolic content of some fruits. Sejali and Anuar [27] evaluated the effect of three drying treatments (shade, oven-dried at 45 and 70 °C) on total phenolic contents of Neem (Azadirachta indica) leaf powder. Similar to the present study, lower temperatures and fine particle size led to higher phenolic content. It was also observed that higher phenolic content in dried oregano could be reached by the reduction of temperature [28] .
The antioxidant activity values of samples were also measured at different treatments ( Figure 6 ). High values of IC50 indicate less antioxidant activity. As depicted, antioxidant activity was increased in higher temperatures. All the NHPD treatments showed lower antioxidant activity compared with HPD treatments at the same temperature due to the longer drying time. Two factors can affect the antioxidant activity and major components of plant species: drying temperature and drying time [24] . As increasing the temperature can lead to degrading the antioxidants, the probable reason for increasing antioxidant activity is the shorter drying time when applying higher temperatures in the methods used in the present study. Madrau et al. [29] reported similar results in apricot drying.
In their study, higher antioxidant activity was observed when temperature was increased from 50 to 70 °C. As the drying time is reduced with increasing temperature, it is concluded that the antioxidant activity of the samples was affected by drying time rather than drying temperature.
CONCLUSIONS
Drying of mint leaves was performed using a laboratory vibro-fluidized bed assisted heat pump system. Values of effective coefficient of moisture transfer were increased as air-drying temperature was increased. But the values between heat pump drying (HPD) and non-heat pump drying (NHPD) methods did not show any remarkable difference. The values of energy activation were within the reported range for food materials. As a result of chlorophyll degradation in leaf cells, increasing temperature to 60 °C caused a remarkable loss of green color. However, the values between HPD and NHPD treatments did not show a meaningful difference. It was revealed that the effect of drying time on antioxidant activity of the samples was more than that of temperature. Overall, it was concluded that in arid and semi-arid areas, the use of heat pump system could not establish a considerable difference in drying process.
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